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Abstract
The highly organized spatial structure of proteins’ polar groups results in the existence of a permanent intraprotein electric
field and in protein’s weak dielectric response, i.e. its low dielectric constant. The first factor affects equilibrium free energy
gap of a charge-transfer reaction, the second (medium polarization effect) influences both equilibrium and non-equilibrium
(reorganization) energies, decreasing the latter substantially. In the framework of the rigorous ‘fixed-charge-density’
formalism, the medium polarization component of the reaction activation energy has been calculated, both for the activation
energy of the elementary act proper, and the effective activation energy accounting for the charges’ transfer from water into a
low-dielectric structureless medium. In all typical cases of reactions, the energy spent for charge transfer from water into
structureless ‘protein’ is larger than the gain in activation energy due to the protein’s low reorganization energy. Therefore,
the low dielectric constant of proteins is not sufficient to ensure their high catalytic activity, and an additional effect of the
pre-existing intraprotein electric field, compensating for an excessive charging energy, is necessary. Only a combined action
of low reorganization energy and pre-existing electric field provides proteins with their high catalytic activity. The
dependence of activation energy on the globule geometry has been analyzed. It is shown that, for each reaction, an optimum
set of geometric parameters exists. For five hydrolytic enzymes, the optimum globule radii have been calculated using the
experimental geometry of their active sites. The calculated radii agree satisfactorily with the real sizes of these
macromolecules, both by absolute and by relative values. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Any charge transfer reaction is a¡ected substan-
tially by the interaction of the charge being trans-
ferred with its polar surroundings. An enzymatic re-
action occurs, as a rule, inside the protein globule,
i.e. the enzyme itself is in a sense the medium of the
enzymatic reaction [1]. Naturally, an analysis of the
characteristic properties of this medium is of great
importance for understanding the speci¢c features of
enzymatic reactions.
A self-evident property of proteins is their struc-
tural speci¢city making a given protein appropriate
to perform a desirable function, and not the others.
Therefore, a full analysis of an enzymatic process
shall employ a detailed structural information on
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the protein. On the other hand, there is much com-
mon in behavior of many enzymes of rather di¡erent
structures, and, therefore, we can expect that some
substantial features of enzymes are due to some
general principles of their architecture rather than
to speci¢c details of the structure of a concrete pro-
tein.
As we have stressed many times in our previous
works (for review see, e.g. [2,3]), the speci¢c feature
of proteins as polar media is the high extent of their
organization: there is the high concentration of pro-
tein’s dipoles that are ¢xed in a rather rigid structure
restricting drastically their ability to reorient under
the action of an external electric ¢eld. This has two
interconnected consequences [4]. First, due to ¢xa-
tion of dipoles in de¢nite positions, there does exist
inside a protein some permanent (averaged in time)
structure-dependent ¢eld of dipoles set up prior to
introduction of any extraneous charge. Therefore,
the protein can be called a ‘pre-organized medium’.
The pre-existing electric ¢eld in£uences substantially
the equilibrium energetics of enzymatic reactions.
Second, in spite of a high concentration of strong
dipoles, proteins display a weak dielectric response
(low dielectric constants) due to a strongly restricted
mobility of dipoles. This a¡ects both equilibrium and
non-equilibrium (reorganization energy) parameters
of reactions.
The considerations given above show that proteins
can be de¢ned as highly-polar low-dielectric media.
This de¢nition stresses the principal di¡erence be-
tween proteins (and, possibly, some other macromo-
lecular substances) and low-molecular solvents. In
the latter, due to practically free rotation of their
molecules, ‘polarity’ and dielectric constant change
in parallel. In proteins, ‘polarity’ (dipole moment
and concentration of polar groups) and dielectric
constant are not interconnected in such a direct
way. From this point of view, it is no sense to oppose
the notions of ‘highly-polar medium’ against ‘low-
dielectric medium’ as applied to proteins. They are
both at the same time, and these di¡erent (and, at
the ¢rst sight, contradicting) properties manifest
themselves predominantly in di¡erent phenomena.
The activation energy of the elementary act of
electron or proton transfer vGg is determined, ac-
cording to a well-known Marcus equation, by two
parameters, namely the reorganization energy V and
the free energy of the elementary act vG (see e.g. [5^
7])
vGg  V  vG
2
4V
1
Both these parameters can be considered as a sum
of some structural-dependent contributions (Vi and
vGstr) and of some component due to medium polar-
ization (Vs, vGpol).
According to Marcus, in the simple case of the
charge transfer in a homogeneous medium Vs is
proportional to so-called coupling constant C =
1/Oo31/Os, where Oo and Os are optical and static di-
electric constants.
The low dielectric constant of proteins a¡ects
strongly the reorganization energy of any intrapro-
tein charge transfer. For the common solvents hav-
ing high or medium dielectric constants, OsEOo, and
hence C varies only slightly with a change of Os. On
the contrary, transition to a medium with a very low
dielectric permittivity changes the value of Vs drasti-
cally. For water, with Oo = 1.8 and Os = 78, C = 0.54.
For proteins, OoW2.5 (the usual value for liquid
amides about 2 corrected, according to Clausius^
Mossotti equation, for higher density of proteins)
and OsW4, hence CW0.15, i.e. about three times
smaller. Therefore, a low reorganization energy is
typical of proteins as the media of charge transfer
reactions [8,9] (see also [10]). This is one of the
main physical reasons of their catalytic e¡ect. The
same conclusion was inferred also from qualitative
microscopic considerations: the dipoles inside the
globule are rather rigidly ¢xed and cannot undergo
a noticeable reorientation, hence the corresponding
reorganization energy is low [4]. Quantitative molec-
ular dynamics simulations for several biological
charge transfer reactions con¢rmed low reorganiza-
tion energies of particular proteins considered in
these simulations [11^21].
In this paper, we will show that Vs for the intra-
protein charge transfer in a heterogeneous (protein/
water) system is much lower than for the similar
process in aqueous solution. Furthermore, we will
show that, for each charge transfer reaction, an op-
timum set of geometric parameters, in particular
globule radii, exists. For several hydrolytic enzymes,
the calculated optimum globule radii (based on the
experimental geometry of their active sites) agree sat-
BBABIO 44874 18-7-00
L.I. Krishtalik, V.V. Topolev / Biochimica et Biophysica Acta 1459 (2000) 88^105 89
isfactorily with the real sizes of these macromole-
cules. Employing the model of a structureless dielec-
tric, we will show that the decrease in reorganization
energy (due to a low protein’s static dielectric con-
stant) never overweighs the energy expenditure nec-
essary to transfer the charged reactant(s) from water
into a low-dielectric medium. The corresponding en-
ergy loss should be compensated for by the e¡ect of
the intraprotein electric ¢eld.
The results of this study were reported in part at
some conferences [22^24].
2. Charge transfer in a dielectric globule
2.1. The model of a dielectric sphere
For most enzymes, the active site is situated more
or less close to the protein surface, and hence the
charge transferred can interact substantially with
the high-dielectric aqueous surroundings. In our pre-
vious works [8,9,25,26], we have analyzed such a het-
erogeneous system using the so-called ‘¢xed-displace-
ment-¢eld’ technique. Here we will employ the
contemporary rigorous ‘¢xed-charge-density’ formal-
ism [27^29].
In this section, we will consider simple enzymes
represented by globular proteins. We will approxi-
mate the globule by a smooth sphere; that seems
to be an appropriate model to simulate the general
trends in the behavior of enzymes. Our model is de-
picted in Fig. 1A: two spherical reactants immersed
into a spherical globule.
We will consider the electric ¢eld as the ¢eld of the
point charges situated inside the globule. This means
that we neglect the ¢eld distortion due to the di¡er-
ence of dielectric permittivities of the reactants’ Or
and of the surrounding protein Op. This seems to
be a reasonable approximation because the optical
permittivities of reactants and proteins are practically
coinciding, while the e¡ective static values are rather
close (v2 and V4), especially as compared to the
external surroundings (V80).
The solution of an electrostatic problem for a
spherical globule can be represented in the form of
a series of the Legendre polynomials [30]. With ac-
count of the boundary conditions, i.e. the continuity
of the potential and the normal component of the
dielectric displacement at the uncharged boundary,
we obtain for potential at any point r inside the
globule
Bpr  qO pdr3r0d
Xr
n0
rn0
Rn1
 
n 1O p3Ow
O pnO p  n 1Ow
r
R
 
nPncos a  2
Here q is the charge situated at the point r0, Pn(cos
a) is the Legendre polynomial, the meaning of all
geometric parameters is shown in Fig. 1A.
With this expression, we can ¢nd the charging en-
ergies (including both purely ‘Bornian’ charging of
each ion and the energy of their interaction) in two
media, optical and static ones; the di¡erence of these
two quantities represents the reorganization energy
[27^29]
V s  e2 1O op
3
1
O sp
 !
1
2a1
 1
2a2
3
1
R12
 

Ao1  Ao23Ao33As13As2  As3 3
Fig. 1. The models used in calculations; the geometric and di-
electric parameters are shown. (A) Two spherical reactants in-
side a spherical globule. (B) The model of a £at boundary; dot-
ted spheres show positions of the charges’ images.
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Here the ¢rst term that is identical with Marcus
equation gives reorganization energy in an in¢nite
protein, the quantities A1;2 are the contributions of
images of charges in the aqueous surroundings to
charging energies of each reactant separately, A3 to
their interaction energies, the quantities calculated
for both media having optical (Aoi ) or static (A
s
i )
dielectric constants. The corresponding expressions
are
A1  e
2
2
Xr
n0
r01
R
 
2n 1
R
  n 1O p3Ow
O pnO p  n 1Ow 4a
A2  e
2
2
Xr
n0
r02
R
 
2n 1
R
  n 1O p3Ow
O pnO p  n 1Ow 4b
A3  e2
Xr
n0
rn01r
n
02
R2n1
n 1O p3Ow
O pnO p  n 1OwPncos a  4c
In Eqs. 4a and 4b, the equality Pn(1) = 1 has been
accounted for.
The proper combination of static terms will be
used also to calculate the equilibrium charging en-
ergy (a sum or di¡erence of charging energies with or
without interaction energy).
For the sake of comparison, we will consider also
the model of two semi-in¢nite dielectrics separated
by a £at boundary (Fig. 1B); the e¡ective charge
of images is eP= Ke, where K = (Op3Ow)/(Op+Ow).
The new expressions for Ai :
A1  e
2K
4d1
5a
A2  e
2K
4d2
5b
A3  e
2K
R212  4d1d21=2
5c
Eqs. 5a^c transform, naturally, to Eqs. 4a^c at
RCr (under condition R3r0i = di = const.)
2.2. The reorganization energy for intraglobular
charge transfer
Some results of calculations for one set of geomet-
ric parameters typical, by the order of magnitude, of
many enzymatic charge transfers are presented in
Fig. 2. They give much lower (by e.g. 95^120 kJ/
mol) reorganization energies for an enzymatic charge
transfer than for the same reaction in an aqueous
solution (cf. curves 1^4 and the upper horizontal
line a). A drastic decrease in reorganization energy
obtained here is not a result of some improper choice
of the model geometry. For several real enzymes dis-
cussed in Section 2.4, the calculations employing the
geometric parameters taken from the X-ray structure
data result in a decrease of reorganization energy by
70^130 kJ/mol. So, this e¡ect is quite substantial,
and it presents a very important factor in the high
catalytic activity of enzymes.
It should be mentioned here that a substantial low-
ering of reorganization energy is inherent not only to
globular enzymes, but also to any intraprotein
charge transfer. Such an e¡ect we have found, for
instance, in intramembrane electron transfer in the
photosynthetic reaction center: for the primary
charge separation, electron transfer to quinone, etc.
[31].
The physical reason for the reorganization energy
decrease is quite clear: some part of the solvent in
the vicinity of reactants is replaced by protein, i.e.
the low-reorganization medium, and that decreases
the total reorganization energy. The screening by
protein reduces the interaction of the charge being
transferred with aqueous surroundings decreasing
thereby the reorganization of the latter. The better
the screening, the lower is the reorganization energy.
It should be noted here that our previous calcula-
tions [25,26] carried out in the framework of the non-
rigorous ‘¢xed-displacement-¢eld’ formalism resulted
in a similar shape of Vs^R curves, but with a sub-
stantial higher reorganization energies (for the model
parameters as in Fig. 2, by about 34^62 kJ/mol). In
other words, our previous calculations have under-
estimated the catalytic e¡ect of the protein’s dielec-
tric screening. This stresses the necessity of revisiting
the problem using the rigorous formalism, not only
to get the re¢ned quantitative data, but also to ob-
tain a stricter foundation for the relevant qualitative
conclusions.
In Fig. 2, the lower horizontal line b presents the
reorganization energy that would characterize the
model reaction in an in¢nite protein. We see that
the actual reorganization energies are markedly high-
er: this is due to two e¡ects of the highly polar
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aqueous surroundings: the reorganization of the
aqueous phase itself and the reorganization of the
protein phase under the action of redistribution of
images in the aqueous surroundings; calculations
give the ratio of these two e¡ects as approximately
2:1 (not shown).
The interaction of charges with protein and water
depends, naturally, on the geometry of the system.
Initially, the value of Vs diminishes fast with an in-
creasing globule radius, but later this decrease slows
down substantially. Indeed, at ¢rst an increase in
globule radius results in a drastic increase of the
charge screening by protein from the aqueous phase,
but gradually more and more distant solvent layers
are excluded of the play, and, as the interaction of
these distant layers with the charge is rather weak,
the further increase of the globule size does not give
an appreciable gain in reorganization energy. This
kind of dependence should be quite general, the dif-
ferences for various enzymes can be of quantitative,
but not qualitative, character.
The extent of screening a¡ects also the dependence
of Vs on the orientation of reactants relative to the
globule surface: the maximal Vs corresponds to the
charge transfer parallel to the surface, it decreases
with the increased angle between transfer direction
and the surface becoming almost constant at the an-
gle of 20^30‡ (cf. curves 1^4 in Fig. 2; curve 3 cor-
responds to the angle 30‡). Similar considerations
can be applied to other variations of geometric pa-
rameters. For instance, Vs diminishes with increasing
distances of ions from the globule surface, but then
becomes practically constant at the immersion depth
of 0.7^0.8 nm (at globule radii Rs 1 nm).
2.3. The activation energy for intraglobular charge
transfer and the globule geometry
The charge^medium interaction a¡ects both reor-
ganization energy and the reaction free energy. The
latter consists, as we have mentioned before, of some
component dependent on the structures of both re-
acting groups (vGi) and protein (namely, the intra-
protein electric ¢eld) vGstr =vGi+vGef , and of a ‘po-
larization’ component vGpol. At the present stage of
our discussion, we will consider the ‘structural’ com-
ponent as a parameter.
Both the electrostatic part of vGstr (interaction
with the pre-existing intraprotein ¢eld) and vGpol
depend, generally speaking, on the geometry of the
system, but these dependencies are di¡erent. The
component vGstr depends on microscopic structure,
i.e. on coordinates of all protein’s atoms, while the
polarization contribution vGpol, due to the general
dielectric response, depends only on so to say ‘mac-
roscopic’ factors (size and shape of the globule and
the reactants, disposition of the latter); in other
words, this part of energy can be analyzed in the
framework of the model of a structureless dielectric.
The charge^polarization interactions manifest
themselves in the in£uence of the system geometry
on the Bornian charging and on the charge^charge
interaction energies. This leads to a new e¡ect, ab-
sent in homogeneous systems, namely the depen-
dence of the reaction energy on the orientation of
reactants with respect to the interface [32].
Fig. 2. Medium reorganization energy as a function of the glob-
ule radius at di¡erent geometries of the active site. Geometric
parameters: a1 = a2 = 0.2 nm, R12 = 0.4 nm, R3r01 = 0.2 nm,
R3r02 varies and equals to 0.2 nm for curve 1, 0.3 nm for 2,
0.4 nm for 3, and 0.6 nm for 4. Typical con¢gurations corre-
sponding to curves 1, 3 and 4 are shown schematically in the
upper part of the ¢gure. In calculations, instead of optical,
purely electronic Oo of water (Oo = 1.8) the value of a so-called
‘quantum’ dielectric constant O = 2.1 is employed that accounts
for the high-frequency vibrational modes possessing a quantum
behavior [7]. The upper horizontal line a marks the reorganiza-
tion energy of the same reaction in an in¢nite homogeneous
aqueous medium, the lower horizontal line b presents this
quantity for reaction in an in¢nite homogeneous protein.
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Depending on the reaction type, these e¡ects will
a¡ect the vG di¡erently. Let us consider ¢rst the
process of the exchange of charge positions (charge
shift), e.g.
A  B  A B
The ‘polarization’ component for this reaction is
vGpol  e
2
O p
1
2aB
3
1
2aA
 
 AsB3AsA 6
Let us consider the case when B is closer to the
globule surface than A, i.e. the charge is transferred
from inside the globule towards its surface. In this
case, the charge interaction with the aqueous phase
increases making the charge transfer in this direction
favorable. The in£uence of geometric parameters on
vGpol is qualitatively similar to their in£uence on Vs.
Therefore, the dependencies of the activation energy
on the globule radius, reactants’ orientation, etc., are
similar to the corresponding dependencies of Vs (cf.
Figs. 2 and 3).
In any catalytic process, the system must return to
its initial state after completion of the catalytic cycle,
i.e. the charge transfer from A to B should be fol-
lowed by a step with the reverse transfer direction.
Therefore, at any disposition of the reactants, we
have to consider both possible directions of the
charge transfer. The charge transfer outwards is fa-
vorable, but in the opposite direction is not. The
comparison of curves 1^4 of Figs. 3 and 4 shows
that the activation energy for outward charge trans-
fer is lower than for the inward direction.
In Figs. 3 and 4, we give sets of curves correspond-
ing to di¡erent vGstr, namely 0, +41.8 and 341.8 kJ/
mol (0 and þ 10 kcal/mol). These values are close
by order of magnitude to those for the di¡erent
steps of enzymatic catalysis (e.g. formation and
decay of a tetrahedral intermediate in hydrolysis
of esters and amides). As it would be expected,
the activation energy for the endergonic transfer
even in the outwards direction remains higher than
for the inward exergonic process (cf. curves 1P^4P in
Fig. 3 and 1Q^4Q in Fig. 4). Therefore, the outward
endergonic process is here the rate-determining
one. However, if one of the reactants is substantially
larger than the other, the lower charging energy of
the larger ion makes the charge transfer to this par-
ticle preferable, even in the case of its deeper immer-
sion.
We can also conclude that the charge transfer at
an acute angle to the globule surface is favorable:
under this condition, the activation energy is rather
low, and a relatively small additional decrease that
could be achieved by the charge transfer almost per-
pendicular to the surface would be connected with
much deeper immersion of the initial ion into the
globule, the immersion demanding, as a rule, a large
energy expenditure.
An important conclusion follows from the form of
the dependence of the activation energy for the rate-
determining step on the globule radius. We observe a
strong initial decrease followed by a rather weak de-
pendence. As is shown in Fig. 3, for the curves cor-
responding to the optimum reactants con¢gurations
Fig. 3. Activation energy for the charge shift (charge displace-
ment) reaction in a spherical globule with the same geometry of
reactants as described in Fig. 2; dependence on R is given up
to R = 3 nm, and then the value corresponding to R =r (£at
boundary) is shown. In the initial state, reactant 1 is neutral,
reactant 2 is charged: charge shift from inside the globule out-
wards (curves 2^4, for curves 1, charge shifts parallel to the
globule surface). For curves 1^4, vGstr = 0, for curves 1P^4P,
vGstr = +41.8 kJ, for 1Q^4Q, vGstr =341.8 kJ (energoneutral, en-
dergonic and exergonic reactions in an in¢nite medium, corre-
spondingly).
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(curves 3, 4, 3P and 4P), at the globule radius about
0.8^1.0 nm vGg is only 2 kJ higher than at R = 3 nm.
Therefore, the radius close to 1 nm can be considered
in a sense as an optimum. Indeed, its further increase
would require a large additional consumption of pro-
tein (proportional to R3) but will not bring about an
appreciable gain in the reaction rate (only by about
2.2 times). The optimal size of the globule depends,
of course, on the size of the reactants, depth of their
immersion, interreactant distances, etc. (some exam-
ples will be given in Section 2.4).
Similar in a general shape dependencies were also
obtained for other types of reactions, e.g. for a
charge separation in presence of the third ion. For
a simple reaction
A B  A  B3;
vGpol is substantially positive because it is unfavor-
able to create charged particles inside a low-dielectric
medium. However, this unfavorable e¡ect can be
largely compensated for, e.g. by the presence of the
third pre-existing ion C, closer to an oppositely
charged reactant. Not dwelling on details of calcula-
tions (calculation of the pre-existing ¢eld e¡ect was
done according to [33]), we will notice here that the
¢eld of the third ion decreases drastically vGg for
charge separation: for the set of parameters similar
to those of Figs. 2^4, to the level of 15^20 kJ as
compared to the minimum value of 55 kJ in the
absence of the third ion. As to optimum orientation
of the three particles in respect to the globule bound-
ary, the situation is in principle similar to the case
considered above: an obtuse-angled triangle ABC
with at least one of reactant immersed somewhat
deeper than other(s) (the e¡ective shift of the charge
gravity center outwards at an acute angle to the sur-
face).
Our analysis revealed a substantial in£uence of the
globule radius on the reaction activation energy. We
believe that the e¡ect of globule size plays an impor-
tant functional role. It is well known that the dimen-
sions of the active site region are usually substan-
tially smaller than the size of the globule. The
results described above (and many other similar
model computations which we have performed)
show that the seemingly excessive dimensions of the
enzyme globule are necessary for the e¡ective screen-
ing of the charge being transferred from the interac-
tion with the surrounding water. This results in a low
activation energy, i.e. in a substantial increase of the
enzyme’s catalytic activity. The e¡ect is really great:
for instance, the decrease in activation energy in
comparison to reactions in water for the optimum
parameters of the model depicted in Fig. 3 equals
to 30^35 kJ/mol, the similar e¡ects were obtained
for other models too.
We are quite aware that the e¡ect of charge
screening by the protein cannot be the single factor
in£uencing the optimal size of any enzymatic glob-
ule. For instance, some additional amino acids can
be necessary to maintain a ¢xed structure of the ac-
tive site. However, many physiologically active poly-
peptides (e.g. inhibitors or hormones) having quite
de¢nite spatial structures are substantially smaller
than typical enzymes.
One more factor that can in£uence the globule
size, is the necessity to create an essential (and highly
‘structured’) intraglobular electric ¢eld, set up, ¢rst
of all, by polar peptide bonds (see discussion in Sec-
Fig. 4. Activation energy for the charge shift (charge displace-
ment) reaction in a spherical globule with the same geometry of
reactants as described in Fig. 2. In the initial state, reactant 2
is neutral, reactant 1 is charged: charge shift from the outer
part of the globule inwards (curves 2^4, for curves 1, charge
shifts parallel to the globule surface). All designations are as in
Fig. 3.
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tion 3). Our calculations have shown, on the example
of the active site of K-chymotrypsin, that a marked
(and sometimes even predominant) contribution to
this ¢eld originates not only from a few closest but,
in some cases, from a large number of more distant
(up to V1 nm) peptide groups [34,35]. However, this
distance remains substantially smaller than the glob-
ule diameter. So, the proper organization of the in-
traglobular ¢eld may demand a rather large globule,
but, at least for the case studied, viz. K-chymotryp-
sin, smaller than the globule necessary to provide the
optimum dielectric screening (cf. Section 2.4). In any
case, it is clear that the screening e¡ect should exert
its in£uence in any system, and this is the rationale
for its special analysis.
In our calculations, we have accepted the structur-
al component vGstr as some parameter, constant for
the series of the curves. If we compare the optimum
radii for vGstr = 0 and vGstr = +41.8 kJ, i.e. practi-
cally in a full range of the rate-determining ender-
gonic steps, we will see that the di¡erence between
them is relatively small. For example, for curves 3
and 4 in Fig. 3, the optimum radii can be estimated
as equal to 0.9^1.0 nm, while for the strongly ender-
gonic case (curves 3P, 4P) the corresponding values
are 0.8^0.9 nm. Therefore, we can conclude that
the relative ¢gures obtained with our method are
not very sensitive to the value of the structural com-
ponent vGstr. This is due to the fact that vGstr is
strongly dependent on the protein structure while
vGpol and Vs are connected with the protein’s general
dielectric response, much less sensitive to structural
details. That can serve as an intuitive rationale to
analyze separately the in£uence of polarization and
structural factors.
2.4. The globule size of real enzymes
The aim of this subsection is to estimate the opti-
mum radii of several real enzymes and to compare
them with their sizes. To our best knowledge, there is
no attempt in the literature (except our earlier papers
[8,9,25,26]) to ¢nd any factor determining the size of
enzymes.
Remaining in the framework of the model depicted
above, we will discuss here only soluble enzymes; we
will not consider enzymatic complexes carrying out
several reactions, or enzymes possessing some regu-
latory site(s) in£uencing the general geometry of the
protein. We have to exclude considering enzymes
with many ionized groups in the active site: most
probably, in that case, the local dielectric constant
is markedly higher, and the electrostatic problem de-
mands a more sophisticated treatment.
Our approach will be as follows: we will start with
the experimentally established reaction mechanism in
order to ¢nd out what groupings are involved in
charge transfer, and what type of the process takes
place. Then, on the basis of X-ray crystallographic
data, we will de¢ne the main geometric parameters of
the active site: the size of reacting groups, their mu-
tual disposition and the distances between them. The
reactants in their exact geometry will be positioned
inside a spherical globule. The distances of the reac-
tants from the globule surface will be also estimated
from the structural data using the averaged distances
between the reactant and some closest surface atoms.
This parameter will be the approximate one because
the surface of a real globule is neither spherical nor a
smooth one. Therefore, we will vary these distances
within reasonable limits consistent with the crystallo-
graphic data.
In our calculations, we accepted the following ef-
fective ionic radii : O3 0.16 nm, CO32 0.2 nm (center
of charge in the middle between two O atoms),
ImH 0.26 nm (center of charge between two N
atoms), S3 0.19 nm, O in saccharide ring 0.15 nm.
Variation of these parameters by 0.02^0.04 nm af-
fected the absolute values of activation energies,
but did not practically in£uence the estimates of
the optimum globule radii.
In considering the size of the globule (and, corre-
spondingly, the distances between reacting groups
and the globule surface), the problem arises that
the dimensions of an enzyme^substrate complex de-
pend on the size of the substrate, being substantially
di¡erent for, say, complexes with a protein and a
small peptide. Under physiological conditions, an en-
zyme should be e¡ective both for reactions of macro-
molecules as well as their small fragments. An in-
crease in the globule size should lead, as a rule, to
an increase in its catalytic activity. Therefore, we will
analyze the complexes of enzymes with their minimal
substrates.
As described before, we will vary also vGstr. The
values of this parameter were chosen in such a way
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to maintain the rate-limiting step endergonic or, at
least, thermoneutral, and to keep the calculated acti-
vation energy in limits corresponding to the usual
range of about 5^15 kcal (we prefer the values
around 10 kcal).
For the enzymes considered, each step of the pro-
cess presents a charge transfer, in most cases, the
proton transfer. In our previous studies of the kinetic
isotope e¡ect in chymotryptic and tryptic hydrolysis,
it was shown that the main pathway of proton trans-
fer consists in its tunneling from the ground state
[36^38]. That means that the reaction activation en-
ergy is not a¡ected substantially by the energy of
stretching of the hydrogen covalent bond that be-
haves quantum-mechanically, and hence can be
treated in the framework of the theory of medium
reorganization. We can expect that this conclusion
should be valid for a broad class of proton transfer
reactions in which the movement along the classical
coordinates connecting nucleophilic and electrophilic
atoms rather than the movement along the H atom
quantum coordinate contributes substantially into re-
action activation energy.
For all reactions considered, the charge transfer
proceeds in the presence of the third ion. The inspec-
tion of the structural data revealed that in all these
cases, three charged particles form an obtuse-angled
triangle with at least one of ions immersed deeper
than others. This experimental fact con¢rms with
the conclusions drawn above.
2.4.1. Optimum radii of hydrolytic enzymes
2.4.1.1. K-Chymotrypsin. For chymotryptic hy-
drolysis, two possible mechanisms have been consid-
ered. The ¢rst is the charge separation in the pres-
ence of the third ion (Asp-102^CO32 ) :
I
In this reaction, one proton is transferred from Ser-
195^OH to imidazole ring of His-57 with a simulta-
neous nucleophilic attack of substrate’s carbonyl C
by serine’s oxygen. As a result, imidazole ring be-
comes charged positively, and oxygen of the tetrahe-
dral intermediate negatively.
The other formulation of the mechanism of this
step implies a concerted two-proton transfer (one
from Ser to Im and the second from the other side
of Im to Asp):
II
Reaction II is the charge shift from Asp-102^CO2 to
C^O. Mechanism I is considered, at least for small
substrate molecules, as the most probable one (for
more detailed discussion see [39^41]).
The geometric parameters of K-chymotrypsin were
obtained from the X-ray data on the enzyme com-
plex with turkey ovomucoid [42] (pdb 1cho), the
most part of the last protein was discarded to leave
coordinates of only few atoms corresponding to a
minimal substrate. The position of O atom in tetra-
hedral intermediate (in the oxyanion hole) was ap-
proximated as this of the ovomucoid’s Leu-18 car-
bonyl oxygen.
The shape of the vGg^R relationship is analogous
to that discussed above. Assuming conditionally that,
for the optimum globule size, the excess over the
minimal vGg is equal to 2.0 kJ we obtain, for mech-
anism I, the optimum radii of 1.5^1.8 nm; the inter-
val corresponds to somewhat di¡ering estimates of
the depth of reactants immersion and to di¡erent
vGstr accepted in these calculations. For activation
energy closer to experimental values of V10 kcal,
the optimum should be 1.65^1.8 nm. For mechanism
II, the optimum radii were calculated to be substan-
tially smaller, viz. 1.2^1.4 nm. Thus, the globulae
optimal for mechanism II are too small for mecha-
nism I, and hence only larger globulae can provide a
low enough activation energy for all substrates (the
larger radius is shown in Fig. 5).
2.4.1.2. Subtilisin Carlsberg. The reaction mech-
anism is the same as for chymotrypsin. Structural
data for subtilisin complex with eglin-C were taken
from [43] (pdb 1cse). As the position of oxygen in the
oxyanionic hole the coordinates of the eglin’s Leu-45
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carbonyl oxygen were accepted. The relationships
here are similar to those of chymotrypsin.
2.4.1.3. Serine carboxypeptidase II (wheat). The
enzyme contains the same catalytic triad Asp^His^
Ser, and the most probable reaction mechanism is
the same as for chymotrypsin. The calculations
were done on the basis of structural data [44] (pdb
3sc2), the O coordinates of tetrahedral intermediate
were represented by those of H2O occupying the oxy-
anion hole [44].
2.4.1.4. Papain. The reaction mechanism can be
formulated as follows [45]:
III
The ¢rst step (designated later as IIIa) is the pro-
cess of the charge shift in the presence of the third
ion (ImH) favoring the appearance of the negative
charge at the oxygen atom. This step is preceded by
Cys^SH dissociation, the pre-equilibrium dependent
on the static dielectric constants of surroundings.
The second step (IIIb), presents the charge neutrali-
zation process. In calculations of its activation en-
ergy, the pre-equilibriums of Cys^SH dissociation
and tetrahedral intermediate formation were ac-
counted for. In the real enzyme, there is one more
ion in vicinity of the active site, viz. Asp-158, and its
¢eld was also taken into account. Coordinates of the
complex papain^leupeptin representing a transition-
state analog were taken from [46], O atom of inhib-
itor’s Arg-303 was considered as O of the tetrahedral
intermediate. For reaction IIIb, the probable interval
of optimum radii was estimated as 1.45^1.5 nm (at
vvGg = 2.0 kJ) while in the case of the ¢rst step of
the process IIIa being rate determining the corre-
sponding values are 1.65^1.7 nm. As the globule
size should provide favorable conditions for all reac-
tion steps, we accept the larger value as the ¢nal one.
2.4.1.5. Lysozyme. The rate-determining step is
the charge separation in the presence of the third
ion stabilizing the positive charge on the saccharide
ring [47].
IV
The coordinates were taken for the complex of
enzyme with tri-N-acetylchitotriose according to
[48] (pdb.1hew).
2.4.2. Comparison with the experimental data
Here, we will compare the optimum radii calcu-
lated above with the experimental dimensions of
the corresponding enzymes. The e¡ective ‘experimen-
tal’ radii of spheres corresponding to the real glob-
ulae of enzymes were calculated using enzymes’ mo-
lecular masses and accepting for all of them the
speci¢c gravity equal to 1.33. In Fig. 5, these e¡ective
globule radii are plotted as abscisae, and the ordi-
nates are the estimated optimum radii. The intervals
of estimated values are presented, the most probable
(corresponding to activation energies close to 10
kcal) shown as thick vertical bars, and the full range
of estimates shown as thin bars.
In Fig. 5, the optimum radii corresponding to
vGg3vGgmin = 2.0 kJ are presented. We have also
tried other values. The general picture is qualitatively
similar though there are some quantitative di¡eren-
ces; e.g. at vGg3vGgmin = 1.5 kJ, Ropt are by about
0.5 nm larger.
Fig. 5 clearly shows that the estimates of the glob-
ulae optimum radii are in a satisfactory agreement
with the real size of enzymes’ molecules. It should be
noted here that the accepted excess of activation en-
ergy over its possible minimal value is some condi-
tional ¢gure, and there is no warranty that precisely
the same di¡erence is optimal for all enzymes. One
could speak here rather on order of magnitude of
this excess, and therefore consider these results not
as a strict quantitative evaluation of the optimum
radii, but as some semi-quantitative estimate of their
values. As a matter of fact, one could not expect a
better accuracy keeping in mind the assumptions
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used, and a minimum information employed in these
calculations. Nevertheless, in spite of all approxima-
tions, our analysis has led us to two important re-
sults:
1. the calculated optimum radii have a correct order
of magnitude close to the experimental sizes of
real enzymes’ globulae; it is worth mentioning
here that our earlier calculations [26] carried out
in the framework of a non-rigorous formalism
resulted in the radii almost twice smaller.
2. the relative values of the calculated radii agree
with the relative dimensions of the real enzymes.
In the last aspect, especially interesting are the
data on the typical representative of three di¡erent
classes of serine peptidases: K-chymotrypsin, subtili-
sin, and carboxypeptidase II. These enzymes are a
well-known example of a convergent evolution:
they have no common in their sequence and general
fold, but have the same catalytic triad Asp^His^Ser
[49]. The disposition of these active residues in the
globule is rather similar in K-chymotrypsin and sub-
tilisin, but substantially di¡erent in carboxypeptidase
II; in the latter enzyme, His and, especially, Asp are
buried in the globule markedly deeper than in two
others [44]. These di¡erences in the geometry of the
active site proved to be enough to result in a sub-
stantial increase in radius (and, therefore, molecular
mass) for carboxypeptidase II, while K-chymotrypsin
and subtilisin, similar in the active site geometry,
have almost coinciding dimensions.
It should be stressed that the agreement between
calculated optimum radii and the experimental ones
has been achieved here without any adjustable pa-
rameter, only on the basis of the reaction mechanism
and the geometry of the active site. This shows that
the e¡ect of the medium (protein and water) polar-
ization really plays a very important role in deter-
mining the enzymes’ dimensions.
3. The medium polarization and pre-existing ¢eld
e¡ects: comparison of two contributions
Eq. 1 describes the activation energy of the ele-
mentary act of charge transfer proper, the so-called
‘ideal’ or ‘true’ activation energy. However, to com-
pare the reaction kinetics in an aqueous phase and in
enzyme, it is necessary to consider also the free en-
ergy of the reactants transfer from water into pro-
tein, vGtr. The sum of these components gives us the
e¡ective activation energy
vGgeff  vGtr  vGg 7
vGtr depends both on the general dielectric re-
sponse and on structural factors. It includes a large
positive contribution due to transfer of ions from
water into a low-dielectric protein. The protein’s
low dielectric constant causes two opposite trends
(in Vs and vGtr), and hence a special analysis is nec-
essary to ¢nd out what of the tendencies is the pre-
vailing one.
In our previous paper [50], we have analyzed the
problem in the framework of a non-rigorous ‘¢xed-
displacement-¢eld’ formalism. As shown in Section
2, the correct ‘¢xed-charge-density’ approach results
in the reorganization energy substantially lower than
that estimated earlier. Therefore, it becomes neces-
sary to reconsider the whole problem. The new and
more correct analysis of this paper con¢rms the prin-
cipal qualitative conclusions of the previous work.
3.1. Medium polarization e¡ects
As described above, in the ‘¢xed-charge-density’
Fig. 5. The calculated optimum radii plotted against averaged
radii of enzyme’s globule. Thick bars correspond to parameters
resulting in activation energy of order of 10 kcal, thin bars
show the full range of calculated values. The enzymes (from
left to right) : lysozyme, papain, K-chymotrypsin, subtilisin, car-
boxypeptidase II. The last enzyme is a dimer of two identical
subunits having active sites disposed close to opposite surfaces
of dimer and acting independently. In calculation of its e¡ective
‘experimental’ radius, the mass of one subunit was employed.
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formalism [27^29], the reorganization energy can be
calculated as the di¡erence of total charging energies
(W) in two di¡erent (o and s) media
V s W o3W s 8
W j  Bj1  Bj23Cj 9
Here B is the energy of charging of each particle
separately, C is the absolute value of their interaction
energy, all corresponding quantities should be calcu-
lated using Oo and Os (j = o or s).
In the following, we will try to consider the prob-
lems in a most general and straightforward form.
Only in the case where we will need some quantita-
tive examples, we will use the calculations in the
framework of the planar boundary model (Fig.
1B). They are representative enough, because, as
shown in Section 2, the results for globulae of opti-
mum radii are close to this simple limiting case. Fur-
thermore, this model describes, in a good approxi-
mation, the intra-membrane charge transfers
proceeding closer to one side of the membrane.
For the reorganization energy, Eqs. 8 and 9, hold
true for any kind of charge transfer reactions. At the
same time, the electrostatic component of the reac-
tion equilibrium energy depends on the type of the
process. Therefore, let us consider some of the typi-
cal cases separately.
3.1.1. Charge separation
In the charge separation process, the charge trans-
fer between two initially neutral particles results in
charging them to +e and 3e (involving, of course,
their interaction)
vGpol  Bs1  Bs23Cs 10
Index s is used here and later on because the equi-
librium reaction energy is determined by the equilib-
rium static value of Os. Substituting Eqs. 8^10 in Eq.
1 we obtain
vg  W
o  V i  vGi2
4V
11
We see that the numerator of this expression does
not contain any term depending on charging in the
static medium, i.e. it is independent of Os. This result
was obtained earlier for a homogeneous [51] and an
arbitrary inhomogeneous [31] medium.
Let us compare activation energies for two cases:
(1) reaction in a protein contacting an aqueous
phase, i.e. in an inhomogeneous medium (we will
mark the corresponding quantities by a subscript
p); and (2) the same reaction in an in¢nite aqueous
solution (subscript w).
The inner-sphere component of the reorganization
energy Vi is the same in both cases. Let us suppose
initially that the same is true for the ‘structural’ com-
ponent vGstr (that means, we neglect here the e¡ect
of the intraprotein electric ¢eld vGef and suppose
vGstr =vGi ; we will turn to this point in Section 3.2).
For proteins, Oo is somewhat higher than for
water. Therefore, Wop can be expected to be a little
bit smaller than Wow (but not in a simple proportion
to Oo : note positive correction terms for inhomoge-
neous medium, e.g. in Eqs. 5a^c due to Kos 0; for
the in¢nite aqueous medium, these corrections are
absent). So, the numerator of Eq. 1 is somewhat
smaller for vGgp than for vG
g
w . At the same time,
the denominator of this expression is substantially
smaller for the process in protein: Vp6 Vw because,
at rather close values of Wop and W
o
w, W
s
pIW
s
w due
to a great di¡erence of static values of Os (V4 and
78). This is a general feature of proteins, and there-
fore we can conclude that, in the framework of the
model describing proteins as a structureless dielectric,
the activation free energy for charge separation in
proteins should be essentially higher than in water.
3.1.2. Charge separation in the presence of the third
ion
The reaction free energy of the charge separation
may be made more favorable if a third charged par-
ticle is present in a de¢nite position so that the ¢eld
of this ion assists the charge separation. In this case
vGgp 
W o1  V i  vGstr  Ci2
4V p
12
where Ci is the interaction energy of the third ion
with two ions forming in the course of the charge
separation process
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Ci 
e2
O p
1
R13
3
1
R23
Kfd1; d3; R133Kfd2; d3; R23
 
13
Here R13, R23 are the distances between correspond-
ing ions, the last two terms present symbolically the
image charge correction: K re£ects the di¡erence of
dielectric constants (e.g. in the case of a planar
boundary, K = (Op3Ow)/(Op+Ow)), f is the function of
geometric parameters. With R13sR23, i.e. with a fa-
vorable position of the third ion, Ci6 0, and, there-
fore, the situation is quite possible when vGgp 6vG
g
w
(in aqueous solution we will not consider the inter-
action with the third ion, taking into account a low
probability of the triple collision as compared to
collision of two particles and the weak electrostatic
interaction in the high-dielectric medium).
The picture becomes quite di¡erent when we con-
sider the e¡ective activation energy including the en-
ergy spent for the transfer of the third ion from
water into protein, i.e. the energy necessary to create
the favorable conditions for the elementary act of the
charge separation proper.
vGtr  e2 1O sp
3
1
O sw
 !
1
2a3
 Kf d3W e
2
O sp2a3
 Kf d3
14
The ¢rst half of this expression is a large positive
quantity always exceeding the last term, and there-
fore vGtrs 0, and the e¡ective vGgeff increases sub-
stantially. This increase makes vGgeff svG
g
w . Let us
illustrate this by an example.
We will use an approximate form of Eq. 1 valid
under usual condition dvGdIV
vGg  V
4
 vG
2
1a
In our case,
vGgp W
V p
4
 vGstr W
s
p  Ci
2
12a
Therefore, to ¢nd the in£uence of the third ion on
the e¡ective activation energy, we have to calculate
the sum vGtr+Ci/2.
Let us perform these calculations using the planar
boundary model with all three particles situated on
the same normal to the boundary. For the simple
case of a1 = a2 = a3 = a we obtain
vGtr  Ci2 
e2
O p
3
8a
 7K
240a
 
15
The sum under interest is a large positive quantity;
for instance, at a = 0.2 nm and Osp = 4 it equals to 0.62
eV. This is substantially larger than Vsw/4W0.45 eV.
The e¡ective activation energy in protein exceeds the
true activation energy in water by
vGgeff3vG
g
w 
V sp3V sw
4
W
s
p3W
s
w
2
 vGtr  Ci2
16
As vGtr+Ci/2sVsw/4 and WspsW
s
w, we conclude
that vGgeff svG
g
w . Similar results were obtained with
a di¡erent geometry of the system. Therefore, we can
conclude that the energy expenditure for the transfer
of the third ion from water to protein exceeds largely
the gain in activation energy due to its favorable
interaction with the charges formed in the course
of reaction. Hence, the charge separation process in
the presence of a third ion is e¡ectively less favorable
in protein (more precisely, in a structureless dielectric
with the permittivity of protein) than in water.
3.1.3. Charges’ recombination
The ideal activation energy
vGgj 
W oj 32W sj  V i  vGstr2
4V
17
The activation energy in protein is, as a rule, lower
than in water as Wop9W
o
w, and W
s
pEWsw. However,
if we take into account the preceding ions’ transfer
from water to protein, i.e. if we add to vGgp the value
Wsp3W
s
w, the e¡ective activation energy increases
drastically. Using Eq. 1a one can obtain
vGgeff3vG
g
w 
W op3W
o
w
4
W
s
p3W
s
w
4
18
The ¢rst term here presents a small negative quan-
tity, while the second is a large positive one. There-
fore, in this case again the e¡ective activation energy
for the reaction in protein substantially exceeds the
activation energy in water.
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3.1.4. Charge translocation
Charge is shifted from one point to the other. As
only one charged particle exists, the equilibrium en-
ergy does not involve the charge^charge interaction,
only di¡erence of charging energies B in two posi-
tions, 1 and 2. We will consider here the rate-deter-
mining step which should prefer the energetically
favorable direction of the charge transfer, i.e.
Bs1p3B
s
2p90. The ideal activation energy in protein
is lower than in water, vGgp 6vG
g
w (see, e.g. esti-
mates in Section 2).
The e¡ective value vGgeff is higher by the di¡erence
of charging energies of the initial reactant in globule
and in water Bs2p3B
s
2ws 0.
vGgeff3vG
g
wW
V p3V w
4

Bs1p  Bs2p3Bs1w3Bs2w
2
19
Taking into account Eqs. 8 and 9, we obtain the
other form of this equation
vGgeff3vG
g
wW
W op3W
o
w
4
 1
4
Bs1p  Bs2p3Bs1w3Bs2w3
Csp3C
s
w
4
19a
The ¢rst term is small and negative, but both the
second and third terms are positive and much larger
than the ¢rst one. Therefore, the e¡ective acti-
vation energy in protein is always higher than in
water.
In the last two examples considered, we have not
taken into account the possible decrease of the ideal
activation energy by the third ion. As it is clear from
considerations similar to the previous ones, the addi-
tional energy of the transfer of this ion from water
into protein makes the e¡ective activation energy
even higher.
3.2. The role of the pre-existing intraprotein electric
¢eld
We have considered above practically all principal
cases of the charge transfer processes in enzymes as
compared to similar reactions in aqueous solutions.
Describing the protein as some structureless dielec-
trics, we have found that the ideal (or true) activa-
tion energy in this medium is lower than in aqueous
solution (the only exception is the charge separation
between two initially neutral reactants). However,
the e¡ective activation energy (i.e. the activation en-
ergy of the enzymatic reaction proper plus the energy
of the transfer of charged particles from water into
protein) is always higher than the activation energy
of the same reaction in aqueous solution.
The last conclusion, contradicting seemingly the
experimental fact of the high catalytic activity of en-
zymes, is based on the structureless dielectric model,
i.e. it does not account for the e¡ect of the intra-
protein ¢eld, both in the equilibrium reaction free
energy and in the energy of ion transfer. As revealed
by several calculations based on the known crystallo-
graphic structures of corresponding proteins, the un-
favorable loss of solvation energy in low-dielectric
proteins as compared to water is largely compensated
for by the e¡ect of an intraprotein electric ¢eld (for
reviews see, e.g. [2,3,52^56]). This compensation can-
not take place at any point inside the globule, but at
de¢nite reactants’ positions inside the active site of
enzyme, hence the e¡ect is strongly structure-depen-
dent.
In living nature, an intricate catalytic complex with
a rather ¢xed structure is necessary to overcome the
entropy restraints, in particular, to put together two
or more reactants in a proper orientation, to ensure
the high speci¢city of binding, etc. However, such a
complex is inevitably fairly large in size, and, due to
its rigidity, has a rather low dielectric constant. The
latter results in a low reorganization energy, and,
as discussed above, this factor demands for an ad-
ditional increase in the globule size that provides
a better charge screening. However, all this leads to
an additional energy consumption in transfer of
charged particles into the macromolecule. The me-
dium preorganization, i.e. the internal electric ¢eld
is necessary to compensate for this unfavorable
e¡ect.
The intraprotein electric potential may compensate
the loss of the Born solvation energy to various ex-
tents. An exact compensation is not necessary: in the
case the equilibrium vG of the elementary act of
reaction becomes comparable with the corresponding
value in aqueous solution, a substantial acceleration
will already take place due to decrease in the reor-
ganization energy. An additional acceleration can be
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achieved by decreasing vG to the level lower than in
water. However, there should be some limit for low-
ering the energy of the charge transfer: when elec-
tric ¢eld produces a very strong stabilization of a
charged state then its subsequent transformation
(or release as a free ion) will be strongly retarded.
Therefore, solely the pre-existing intraprotein ¢eld
cannot result, in general, in a very high acceleration
of the total process because there should be a limit
for lowering of the charged state equilibrium energy.
However, a substantial decrease in activation energy
can be achieved due to low reorganization energy.
So, we see that only the combined action of two
factors, viz. the pre-existing ¢eld and a low reorgan-
ization energy (low dielectric constant), is the most
e¡ective way to ensure enzymes’ high catalytic activ-
ity.
The combination of high polarity of monomeric
units and their ¢xation inside a relatively rigid struc-
ture distinguishes proteins from other types of poly-
mers, like polyhydrocarbons or polycarbohydrates.
Thus we can hypothesize that precisely this feature
of proteins gave them an advantage over some other
types of biopolymers in the natural selection of the
‘construction material’ for enzymes.
A special case presents a quite di¡erent class of
biological catalyst, namely the ribozymes (for review,
see, e.g. [57]). These ribonucleic acids catalyze e¡ec-
tively transesteri¢cation and hydrolysis, i.e. reactions
accompanied by a substantial charge transfer. In
spite of their chemical di¡erence, some analogy can
be found between RNA and proteins: the backbone
of RNA contains a regular arrangement of highly
polar phosphodiester groupings, and the polar side-
chains of purine and pyrimidine bases are linked to
this backbone. Recently, the ¢rst X-ray crystallo-
graphic structure of one domain of the Tetrahymena
ribozyme has been obtained showing a rather dense
packing of these structural elements [58]. So, in ribo-
zymes we may meet with the same principle as in
proteins: a high concentration of strongly polar
groups substantially restricted in their orientational
mobility. With the further accumulation of the rele-
vant structural information, it would be extremely
interesting to analyze the ribozymes function on the
same physical basis as outlined above for the pro-
teinaceous enzymes.
4. Conclusion
We have considered here some factors in£uencing
the activation energy of enzymatic charge-transfer
reactions. The speci¢c property of proteins as polar
media is the highly organized and relatively rigid
spatial structure of the proteins’ polar groups result-
ing in the existence of a permanent intraprotein elec-
tric ¢eld and in a protein’s low dielectric constant.
The ¢rst factor that is very structure-sensitive a¡ects
equilibrium free energy gap of a charge-transfer re-
action. The second (medium polarization e¡ect) in-
£uences both the equilibrium and non-equilibrium
(reorganization) energies.
In this paper, we have shown that, for a heteroge-
neous system protein^water, the charge-transfer reor-
ganization energy is substantially lower than in aque-
ous solutions. It was shown that the medium
polarization e¡ects largely determine the geometry
of the globular enzymes, in particular, a range of
optimum globule radii ensuring the almost lowest
activation energy and, at the same time, a minimal
expenditure of ‘the construction material’, i.e. pro-
tein. For ¢ve hydrolytic enzymes with a known
charge-transfer mechanism, the optimum globule
radii have been calculated using the experimental ge-
ometry of their active sites. The calculated radii : (1)
agree by their order of magnitude with the real sizes
of these macromolecules; (2) agree satisfactorily with
the relative dimensions of the globulae. It is worth
mentioning that for three serine proteinases, viz. chy-
motrypsin, subtilisin, and carboxypeptidase II, hav-
ing the same catalytic triad, but in di¡erent orienta-
tions relative to globule surface, both the calculated
and experimental globule’s dimensions di¡er sub-
stantially.
A low static dielectric constant, and hence a low
reorganization energy, provide the true activation
energy of many intraprotein charge transfers lower
than for the same reaction in water. However, the
e¡ective activation energy accounting for the energy
necessary to transfer the charged particle(s) from
water into a low-dielectric structureless medium is
always higher than for the process in purely aqueous
surroundings. This unfavorable e¡ect should be com-
pensated for by the action of the pre-existing intra-
protein electric ¢eld. The general principle of protein
BBABIO 44874 18-7-00
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structure, namely a rather rigid ¢xation of many
highly polar groups, results in the existence of a per-
manent intraprotein electric ¢eld lowering the equi-
librium reaction free energy, and in a low dielectric
constant ensuring low reorganization energy. Only a
combined action of these two e¡ects results in a sub-
stantial decrease of activation energy, and this
presents one of the important general physical rea-
sons for the high catalytic activity of enzymes.
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